The conditions for the fragmentation of the baryonic component during merging of dark matter halos in the early Universe are studied. We assume that the baryonic component undergoes a shock compression. The characteristic masses of protostellar molecular clouds and the minimum masses of protostars formed in these clouds decrease with increasing halo mass. This may indicate that the initial stellar mass function in more massive galaxies was shifted towards lower masses during the initial stages of their formation. This would result in an increase of the number of stars per unit halo mass, i.e., the efficiency of star formation.
INTRODUCTION
In the hierarchical scenario of structure formation in the Universe, gravitationally bound objects -dark matter halos, in which stars can form -first appear at redshifts z ∼ 20 and have masses M ∼ 10 6 M ⊙ , including the dark and baryonic components [1] [2] [3] . These halos form due to multiple collisions and merging of similar objects of smaller mass. The dynamics of the early stages of these processes are determined by the gravitational instability of the dark component, which consists of cool (non-relativistic) particles. Density perturbations of practically any wavelength can develop in the dark component, since the minimum critical scale of the perturbations -the Jeans mass, which depends on the velocity dispersion in a collisionless gas -is negligible compared with the mass of the halo (see, for example, [4] ). The spatial scale of the perturbations can be constrained from below by a truncation of the perturbation spectrum. The amplitude of the density perturbations on small scales is known to decrease with wavelength as a power law ∝ λ −3 [5, 6] . Thus, the formation of structure includes relatively developed shortwavelength motions modulated by slowly growing long-wavelength flows [7] .
Under these conditions, a nearly one-dimensional motion develops, in which perturbations are compressed mainly along a single direction, giving rise to a disk-like configuration [8, 9] . Baryons confined by the gravitation field of the dark matter and involved in this one-dimensional flow undergo shock compression and are heated to the temperature T f ∼ m p v 2 c /2k, where v c is the velocity of the inward gas flow; as a result, a dense layer or disk is formed. The compressed baryonic layer is efficiently cooled by radiative processes by neutral hydrogen atoms or molecules.
The formation of molecular hydrogen is substantially enhanced behind shock fronts, so that the cooling of the gas may basically be governed by the H 2 molecules. When the temperature decreases to 200 K, deuterium efficiently transforms into HD, which results in an even higher thermal energy loss rate, providing favorable conditions for the fragmentation of the compressed gas [10] [11] [12] [13] [14] [15] [16] [17] . Thus, during the formation of galaxies, converging flows result in an emergence of dense baryonic condensations in which stellar objects can subsequently form. This concept was recently discussed in [16, 17] . During the formation of massive protogalaxies, dense baryonic layers are maintained over longer times, so that the gas is cooled substantially and higher densities are reached. Therefore, one may expect that during the formation of more massive galaxies, baryonic fragments of lower mass can become gravitationally unstable, and less massive stars can be formed, which increases the number of stars per unit mass of the halo -in other words, the star formation efficiency. Here, we study this possibility.
Section 2 discusses the model adopted to describe the thermal evolution of baryons behind shock fronts. Section 3 presents the results, and Section 4 contains our conclusions and final discussion. Our calculations were based on the ΛCDM model for the Universe: 
HALO VIRIALIZATION AND THE THERMO-CHEMICAL EVOLUTION OF GAS
In the linear stage of its growth, the evolution of a dark-matter density perturbation δ dm (t) can be described by the equation (see e.g. [6] ):
where H is the Hubble constant, δ b is the perturbation of the baryon density, and Ω dm = Ω m −Ω b .
As seen from this equation, there is no limiting minimum scale in dark matter. In reality, the Jeans mass in collisionless dark matter depends on the velocity dispersion; however, this value turns out to be negligibly small compared with the mass of the halo. As was already noted, if a density perturbation in dark matter is considerably overcritical, then its compression will proceed more rapidly along one direction [8, 9] . The dissipative baryonic component follows the dark matter potential, and forms a disk-like configuration in the symmetry plane. The growth of the perturbation is essentially a collision between flows of dark matter and baryons, and results in the formation of a shock front in the baryonic component. Subsequently, the collisionless dark matter becomes virialized via violent relaxation [19] , and the baryonic component undergoes shock compression in the colliding flows, forming a dense radiatively cooling layer. Starting from some time, the increased density of the gas may exceed the density of the dark matter, and the dynamics of the gas will be determined by its own parameters. Therefore, we can neglect the influence of the dark matter and consider only the baryonic component. This is valid at least within the characteristic collision time between regions, t d ∼ D/v.
When gas flows collide, a thin dense gas layer and two diverging shock fronts around the contact region are initially formed; behind the shock fronts, the gas is heated to the temperature where M is the Mach number, and we have for a collision between baryonic flows with velocities v c > c s the condition t d < t ⊥ . Therefore, for supersonic collisions, we can neglect the transverse motion in the layer when t < t d and solve a one-dimensional problem. It was shown via twodimensional modeling that, indeed, only an insignificant amount of the mass is lost to transverse outflow during a collision of gas clouds [20] . The velocity of the gas motions during the formation of a dark halo with mass M is
where
σ is the one-dimensional velocity dispersion and ρ 0 is the present mean total density of the Universe. It is clear that the collisional velocity and gas temperature behind the shock fronts will be higher when more massive halos are formed.
The thermal evolution of baryons behind a shock front can be described by a system of ordinary differential equations written for a single Lagrangian element of the fluid:
where x = n(e)/n, f = n(H 2 )/n, g = n(HD)/n are the relative concentrations of electrons, H 2 , and HD, d c = n(D)/n is the cosmological abundance of deuterium, k i are the rates of reactions [3, 21] , β is the rate of collisional ionization of hydrogen [14] , Λ i is the rate of cooling and heating due to Compton interactions with photons of the cosmic microwave background radiation (CMB), emission in atomic and molecular hydrogen lines [22] , and in HD lines [21, 23, 24] . Initially, the gas density behind the shock front is n = 4n 0 , where n 0 is the density before the shock front. Further, we will assume that each element of the gas behind the shock front evolves isobarically, and that the density is described by the equation
where µ = ρ/nm p .
In the ΛCDM scenario, the spectrum of perturbations in the dark matter is rather steep (n = −3), which implies that halos with masses of 10 4 − 10 8 M ⊙ condense out over times shorter than the corresponding Hubble time [25] . A certain time after forming, the halos become virialized. In addition, since they are involved in large-scale motions, they merge with each other, forming halos of higher mass. Both the virialization and the merging occur on comparable times.
For this reason, two limiting possibilities can be suggested for the initial conditions for the halo formation. In the first, halos of smaller mass (subhalos) collide and soon reach the virial state at larger redshifts. In the second, virialization and merging of subhalos occur at the same time at a given redshift. In both cases, the process can be presented as a one-dimensional compression.
The two cases differ in the initial characteristics of the matter in the flow; more precisely, in the density and the velocity of the collision. In the first model, a halo is formed due to collisions of subhalos, and the parameters of the matter correspond to those in the objects that have been virialized by the beginning of the formation of the larger halo (z ta ), i.e., by the time it separates from the cosmological expansion. The matter density can be taken to be ρ ≃ 18π 2 ρ 0 (z ta ) [25] , and the relative concentrations of e, H 2 , and HD to their values inside the subhalos. In the second model, subhalos are virialized and collide at the same redshift, and the initial density of the matter is ρ ≃ 18π 2 ρ 0 (z vir ), where ρ 0 (z) is the background density of matter at the redshift z; the relative concentrations of electrons, H 2 , and HD are assumed to be equal to their values inside the halo. In both models, the collision results in the formation of shock fronts, behind which gas is rapidly heated to the temperature T f = m p v 2 c /3k, which is taken as the initial temperature of an element of gas behind the front. Since the initial conditions in the models considered differ only in their densities, the results will be qualitatively similar. Therefore, we will describe only the first model, but present graphs for both. Calculations for halos with the masses corresponding to 3σ perturbations were carried out only for the second model.
RESULTS

Thermal and Chemical Evolution of Baryons
Let us consider the chemical and thermal evolution of the gas behind the shock front using the example of halos formed at the redshift z = 15. Figure 1 presents the concentrations of electrons, H 2 , and HD and the temperatures reached in the gas behind the shock front in the end of one compression time during the formation of a halo with mass M . It is clearly seen that, starting from a certain value of halo mass, the relative concentration of H 2 molecules exceeds 5 · 10 −4 and the temperature of the gas decreases substantially (T ∼ 500 K). This corresponds to the minimum H 2 concentration needed in order for the gas to cool rapidly, in one comoving Hubble time [3] . In more massive halos, the H 2 concentration continues to grow, and can reach HD molecules provide efficient heat exchange between the CMB and baryons, due to the fact that they absorb background photons and subsequently transfer the excitation energy to the gas through collisions [24, 26, 27] . Under these conditions, the Jeans mass behind the shock front (dashed curves in lower panels of Let us now consider the instability of the cool compressed layer and possible formation of dense baryonic condensations in it. We will assume that the gas in the layer is gravitationally unstable and can fragment provided the critical perturbation length λ m is shorter than the initial size of the cloud D, and the corresponding time t m is shorter than the compression time [28, 29] :
The vertical line in Fig. 1 indicates the minimum halo mass for which the criterion (9) is fulfilled during its formation. Thus, the gas behind the shock front originating during the formation of a halo with mass M ≥ 10 7 M ⊙ at a redshift z ≃ 15 is unstable by the end of the compression phase; accordingly, the first baryonic objects with masses roughly equal to the Jeans mass M J ≤ 10 3 M ⊙ can form inside the halo. Since the temperature of the gas in the unstable fragments is lower than 200 K, the abundance of HD also increases substantially, thereby determining the subsequent thermal evolution of the gas behind the shock fronts forming during the formation of the first halos. Figure 2 shows the interrelation between the redshift and the minimum halo mass for which the layer behind the shock front becomes during its formationunstable according to the criterion (9). For comparison, the mass of 3σ perturbations is displayed, as well as the minimum mass for which baryons in already virialized halos can cool and form gravitationally bound objects [3] . For instance, a gravitationally unstable gas layer is formed during the virialization behind the shock front in a halo with mass M min ≃ 5 · 10 6 M ⊙ at z = 20. Note that this derived minimum halo mass is comparable to that obtained in [3] , however, the temperature of the gas is substantially lower in our model.
Baryonic objects with masses approximately equal to the Jeans mass can form inside this
unstable layer. Figure 3 displays the dependence of the Jeans mass behind the shock front on the time at which the halo forms; the dashed line corresponds to the minimum halo mass needed in order for the layer behind the shock front to be unstable according to (9) , and the solid curve to the mass of 3σ perturbations. It is seen that at the given redshift, the Jeans mass in the layer formed behind the shock front decreases with increasing halo mass: the conditions are favorable for forming fragments with lower masses in more massive halos. For example, in the formation of a halo with mass 10 7 M ⊙ (which corresponds to the minimum halo mass) at redshift z = 15, the layer behind the shock front becomes unstable, and the baryonic objects During the formation of a massive halo, the gas behind the shock front cools and is compressed more intensely, due to the more efficient formation of H 2 molecules behind more strong shock fronts. Figure 4 presents the dependence of the gas density on the mass of the halo and the redshift at which it begins to form. The variation of the slope of the n(M ) curves with increasing M reflects the fact that, by the end of the compression phase, the temperature behind the shock front reaches the temperature of the CMB, due to the efficient formation of HD molecules and energy exchange between the gas and CMB radiation via the absorption of background photons by HD molecules followed by collisional deexcitation. The final density at a given z depends only on the initial temperature of the gas behind the shock front, which, in turn, is a function of the halo mass: n = n 0 (T f /T CM B ).
The Minimum Mass of Baryonic Objects
Baryonic fragments with masses 10 2 − 10 4 M ⊙ (Fig. 3) formed behind the shock front in an unstable layer are optically transparent to radiation in H 2 and HD lines. Compression of the fragments occurs in an isothermal regime at temperature close to 2.73(1 + z) K, as is mainly ensured by the HD molecules.
In the isothermal regime, a characteristic self-similar density profile is formed, ρ ∼ r −2 [30, 31] , the optical depth in the HD lines increases in the central regions, and the Jeans mass gradually decreases. The critical point is the formation of an optically thick (τ ≥ 1) core region with a mass equal to or exceeding the Jeans mass. In the central regions when τ ∼ 1, the gas density is high, (∼ 10 9 − 10 10 cm −3 ), and all the hydrogen is transformed into the molecular phase via three-body reactions. However, due to the low temperature of the gas, the contribution of H 2 molecules to the cooling in optically transparent regions -and, therefore, their impact on the dynamics of the compression -is unimportant. The formation of an opaque core is fully determined by the HD molecules in the gas. After the formation of an opaque, gravitationally unstable core, the compression regime changes from isothermal to adiabatic. Figure 6 presents the dependence of the mass of the opaque core on the mass of the halo for the limiting masses: the minimum mass M min needed for the layer behind the shock fronts to be unstable according to (9) for both models of the initial conditions, and the mass corresponding to 3σ perturbations, M 3σ . The numbers in Fig. 6 denote the redshift at which the halo is virialized.
It is seen that the mass of the opaque core decreases as the mass of the halo increases: the mass of the core for a halo mass of M h ≃ 2 · 10 7 M ⊙ at z = 17 is M (τ ≥ 1) ∼ 0.15 M ⊙ , while the mass of the core is only M (τ ≥ 1) ∼ 0.06 M ⊙ for a halo mass M h ≃ 10 9 M ⊙ at z = 12.
Thus, the formation of dark halos results in the formation of strong shock fronts in the baryonic component, substantial cooling, and an increase in the gas density. The cold postshock gas layer is unstable against formation of baryonic condensations in which protostellar cores can in turn be formed. The higher the mass of the initial halo, the lower the characteristic mass of the gravitationally unstable fragment -a possible protostellar cluster or an opaque protostellar core.
Thermal Instability
The development of thermal instability becomes possible in a radiatively cooling gas under certain cooling regimes [32] . In a non-steady-state case, when radiative losses are not balanced by heating, the condition for this is dlnΛ dlnT
where Λ is the effective radiative-loss function (see, e.g., [33] ). Figure 7 shows the temperature dependence of the function dlnΛ/dlnT in the whole range of temperatures encompassed by the gas cooling behind the shock front. It is obvious that thermal instability can develop always whenever the cooling is determined by H 2 and HD molecules, i.e., when 70 K< T < 8000 K.
To order of magnitude, the characteristic size of the region of instability coincides with the size of the region behind the shock front where the gas is cooled from T = T f . Therefore, it is obvious that the forming through thermal instability condensations will facilitate the subsequent gravitation fragmentation of the compressed layer.
DISCUSSION AND CONCLUSIONS
Collisions of baryonic flows during the formation of the first protogalaxies are accompanied with an intense cooling of the gas, which promotes fragmentation of the gas onto condensations with characteristic masses close to the masses of the present day molecular clouds. The subsequent cooling and compression of such condensations may result star formation. The higher the mass of the galaxy, the more intense the gas cooling and the smaller the mass of the molecular cloud and the minimum mass of stars formed through subsequent fragmentation. Thus, in this picture, we expect that the initial mass function of stars and initial luminosity function of stellar clusters will be shifted towards smaller values in more massive galaxies.
The formed low-mass fragments cool rapidly, due to high abundances of H 2 and HD molecules.
Starting from certain time, a protostellar cloud converges to isothermal compression phase, since the gas temperature is maintained near the CMB temperature due to an efficient heat exchange between the CMB radiation and baryons, which absorb background photons and then transfer the excitation energy to the gas in collisional processes [24, 26, 27] . Further, as the density in the central regions of the fragment increases, an opaque core with a mass of (10 −1 − 10 −2 )M ⊙ is formed. This core evolves then into a hydrostatic protostellar core with a lower mass of the order of 10 −3 M ⊙ [30, 31] , onto which matter gradually accretes, with an accretion rate determining the final mass of the star [34] . In this process, practically all gravitational energy of the accreted gas is radiated in H 2 and HD lines. A possibility to observe H 2 line emission was discussed in [35] [36] [37] [38] ; it was found, however, that it is extremely difficult to detect this emission with either currently operating or planned telescopes [38] . For example, if ∼ 2000 protostellar objects are formed behind the shock front during the virialization of a halo with mass 3 · 10 7 M ⊙ (which corresponds to approximately 10% of the mass of baryons being transformed into protostellar fragments), the luminosity of this cluster in the H 2 2.34µm line will be ∼ 10 38 erg/s. With a spectral resolution of R ∼ 1000, this corresponds to a flux from the object of ∼ 10 −2 µJy at redshift z = 15, while the sensitivity of the next planned SAFIR space telescope 1 ) is 1 µJy.
ACKNOWLEDGMENTS
The authors thank the referee for useful comments. 
